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FIG. 2A

< COMPARATIVE EXAMPLE >
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FIG. 4A

< COMPARATIVE EXAMPLE >

FIG. 4B

< EXAMPLE EMBODIMENT >
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THIN FILM, METHOD OF FORMING THIN
FILM, SEMICONDUCTOR DEVICE
INCLUDING THIN FILM, AND METHOD OF
MANUFACTURING SEMICONDUCTOR
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. §119 from Korean Patent Application No. 10-2013-
0015531, filed on Feb. 13, 2013, in the Korean Intellectual
Property Office, the disclosure of which is incorporated
herein by reference in its entirety.

BACKGROUND

1. Field

Example embodiments relate to thin films, methods of
forming the thin films, semiconductor devices including the
thin films, and methods of manufacturing the semiconductor
devices, and more particularly, to thin films including metal
oxynitride, methods of forming the thin films, transistors
including the thin films, and methods of manufacturing the
transistors.

2. Description of the Related Art

Semiconductor devices and circuits that are used in various
electronic device fields may be manufactured through pro-
cesses of depositing (stacking) various thin films and pattern-
ing the thin films. For example, thin film transistors that are
usefully used in a field related to flat panel display devices,
such as liquid crystal display devices or organic light emitting
display devices, may be manufactured by depositing (stack-
ing) a gate electrode, a channel layer (thin film), a source
electrode, a drain electrode, etc. on a glass substrate or a
plastic substrate. The performance of a thin film transistor
may mainly depend on properties of a channel layer (thin
film).

Most of currently commercialized flat panel display
devices use thin film transistors including silicon-based chan-
nel layers. Recently, in order to improve operating character-
istics of thin film transistors, methods of applying a non-
silicon material as a channel layer material have been
attempted. For example, a method for applying an oxide thin
film having high carrier mobility as a channel layer has been
attempted. However, if a non-silicon material is applied as a
material of a channel layer, the stability and reliability of the
channel layer (thin film) may not be secured.

SUMMARY

Example embodiments relate to thin films, methods of
forming the thin films, semiconductor devices including the
thin films, and methods of manufacturing the semiconductor
devices, and more particularly, to thin films including metal
oxynitride, methods of forming the thin films, transistors
including the thin films, and methods of manufacturing the
transistors.

Provided are thin films including metal oxynitride and
having stabilized properties and characteristics, and methods
of forming the thin films.

Provided are methods of stabilizing properties and charac-
teristics of thin films including metal oxynitride.

Provided are transistors including metal oxynitride as a
channel layer material, and having excellent performance and
reliability.

Provided are methods of manufacturing the transistors.
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2

Provided are electronic devices (e.g., display devices)
including the transistors.

According to some example embodiments, a method of
forming a thin film includes forming a preliminary thin film
including a metal oxynitride, and treating the preliminary thin
film with inert gas ions so as to form the thin film having
stabilized properties.

The metal oxynitride may include zinc oxynitride.

The inert gas ions may include at least one selected from
the group consisting of Ar ions and Ne ions.

The treating of the preliminary thin film with the inert gas
ions may include performing a sputtering process.

The sputtering process may include sputtering the inert gas
ions at an acceleration voltage of about 0.5 keV to about 4.0
keV.

The sputtering process may be performed under a pressure
of about 10~7 Pa to about 107° Pa.

The treating of the preliminary thin film with the inert gas
ions may include performing a plasma treatment process.

The plasma treatment process may include using a source
power of about 50 W to 300 W.

The treating of the preliminary thin film with the inert gas
ions may be performed at about room temperature.

According to other example embodiments, a thin film is
formed according to the method of forming a thin film.

According to further example embodiments, a thin film
includes a metal oxynitride, wherein the thin film satisfies the
following inequality, (1,,,,.~1,.;,,)/1,,,<0.3, where 1, and
1., denote a maximum intensity and a minimum intensity of
a high-angle annular dark-field scanning transmission elec-
tron microscope (HAADF STEM) image of the thin film,
respectively, and 1, denotes an average intensity of the
HAADF STEM image.

The metal oxynitride may include zinc oxynitride.

The metal oxynitride may include amorphous zinc oxyni-
tride, and a content ratio of the amorphous zinc oxynitride in
the thin film may be greater than, or equal to, 80%.

According to even further example embodiments, a
method of manufacturing a transistor includes forming a
channel layer including a thin film, a gate electrode, a source
electrode, and a drain electrode, wherein the thin film is
formed according to the method of forming a thin film.

The method of manufacturing a transistor may further
include forming an etch stop layer on the channel layer.

According to still other example embodiments, a transistor
includes a channel layer formed of a metal oxynitride, a gate
electrode corresponding to the channel layer, a source elec-
trode connected to a first region of the channel layer, and a
drain electrode connected to a second region of the channel
layer, wherein the channel layer satisfies the following
inequality, (I, ,,=1,,,)/1,,,<0.3, where I, and I, denote a
maximum intensity and a minimum intensity of a high-angle
annular dark-field scanning transmission electron micro-
scope (HAADF STEM) image of the channel layer, respec-
tively, and I, denotes an average intensity of the HAADF
STEM image.

The metal oxynitride may include zinc oxynitride.

The metal oxynitride may include amorphous zinc oxyni-
tride, and a content ratio of the amorphous zinc oxynitride in
the channel layer may be greater than, or equal to, 80%.

The transistor may further include an etch stop layer on the
channel layer.

According to yet further example embodiments, an elec-
tronic device including the above-stated transistor is pro-
vided.

The electronic device may be a display device.
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The display device may be a liquid crystal display device or
an organic light emitting display device.

The transistor may be used as a switching device or a
driving device.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments will be more clearly understood
from the following detailed description taken in conjunction
with the accompanying drawings. FIGS. 1-16 represent non-
limiting, example embodiments as described herein.

FIGS. 1A through 1C are cross-sectional view illustrating
a method of forming a thin film, according to example
embodiments;

FIG. 2A is a diagram showing a high-angle annular dark-
field scanning transmission electron microscope (HAADF
STEM) image of a zinc oxynitride (ZnO,N, ) thin film formed
according to a comparative example;

FIG. 2B is a diagram showing an HAADF STEM image of
a zinc oxynitride (ZnO,N ) thin film formed according to
example embodiments;

FIG. 3A is a graph illustrating intensity data measured
from an HAADF STEM image of a zinc oxynitride (ZnO,N, )
thin film formed according to a comparative example;

FIG. 3Bis agraphillustrating intensity data measured from
an HAADF STEM image of a zinc oxynitride (ZnO,N, ) thin
film formed according to example embodiments;

FIG. 4A is a diagram showing a diffraction pattern
obtained from an HAADF STEM image of a zinc oxynitride
(ZnO,N,) thin film formed according to a comparative
example;

FIG. 4B is a diagram showing a diffraction pattern obtained
froman HAADF STEM image of a zinc oxynitride (ZnO_ N )
thin film formed according to example embodiments;

FIG. 5 is a graph illustrating an X-ray photoelectron spec-
troscopy (XPS) depth profile that shows changes in nitrogen
(N) content according to time in a zinc oxynitride (ZnO,N,)
thin film formed according to a comparative example.

FIG. 6 is a graph illustrating an XPS composition analysis
result of a zinc oxynitride (ZnO,N,) thin film formed accord-
ing to example embodiments;

FIG. 7 is a graph illustrating changes in sheet resistance
according to time in zinc oxynitride (ZnO,N,) thin films
formed according to a comparative example and example
embodiments;

FIG. 8 is an HAADF STEM image showing deterioration
due to an electron beam in a zinc oxynitride (ZnO,N ) thin
film formed according to a comparative example;

FIG.9is an HAADF STEM image showing influence of an
electron beam on a zinc oxynitride (ZnO,N ) thin film formed
according to example embodiments;

FIGS. 10A through 10G are cross-sectional views illustrat-
ing a method of manufacturing a transistor, according to
example embodiments;

FIGS. 11A through 11D are cross-sectional views illustrat-
ing a method of manufacturing a transistor, according to other
example embodiments;

FIGS. 12 through 15 are cross-sectional views of transis-
tors according to still other example embodiments; and

FIG. 16 is a cross-sectional view of an electronic device
(display device) including a transistor, according to example
embodiments.

DETAILED DESCRIPTION

Various example embodiments will now be described more
fully with reference to the accompanying drawings in which
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4

some example embodiments are shown. However, specific
structural and functional details disclosed herein are merely
representative for purposes of describing example embodi-
ments. Thus, the invention may be embodied in many alter-
nate forms and should not be construed as limited to only
example embodiments set forth herein. Therefore, it should
be understood that there is no intent to limit example embodi-
ments to the particular forms disclosed, but on the contrary,
example embodiments are to cover all modifications, equiva-
lents, and alternatives falling within the scope.

Although the terms first, second, etc. may be used herein to
describe various elements, these elements should not be lim-
ited by these terms. These terms are only used to distinguish
one element from another. For example, a first element could
be termed a second element, and, similarly, a second element
could be termed a first element, without departing from the
scope of example embodiments. As used herein, the term
“and/or” includes any and all combinations of one or more of
the associated listed items.

It will be understood that, if an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected, or coupled, to the other element or inter-
vening elements may be present. In contrast, if an element is
referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. Other words used to describe the relationship
between elements should be interpreted in a like fashion (e.g.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” etc.).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises,”
“comprising,” “includes” and/or “including,” if used herein,
specify the presence of stated features, integers, steps, opera-
tions, elements and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components and/or groups
thereof.

Spatially relative terms (e.g., “beneath,” “below,” “lower,”
“above,” “upper” and the like) may be used herein for ease of
description to describe one element or a relationship between
a feature and another element or feature as illustrated in the
figures. It will be understood that the spatially relative terms
are intended to encompass different orientations of the device
in use or operation in addition to the orientation depicted in
the figures. For example, if the device in the figures is turned
over, elements described as “below” or “beneath” other ele-
ments or features would then be oriented “above” the other
elements or features. Thus, for example, the term “below” can
encompass both an orientation thatis above, as well as, below.
The device may be otherwise oriented (rotated 90 degrees or
viewed or referenced at other orientations) and the spatially
relative descriptors used herein should be interpreted accord-
ingly.

Example embodiments are described herein with reference
to cross-sectional illustrations that are schematic illustrations
of idealized embodiments (and intermediate structures). As
such, variations from the shapes of the illustrations as a result,
for example, of manufacturing techniques and/or tolerances,
may be expected. Thus, example embodiments should not be
construed as limited to the particular shapes of regions illus-
trated herein but may include deviations in shapes that result,
for example, from manufacturing. For example, an implanted
region illustrated as a rectangle may have rounded or curved
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features and/or a gradient (e.g., of implant concentration) at
its edges rather than an abrupt change from an implanted
region to a non-implanted region. Likewise, a buried region
formed by implantation may result in some implantation in
the region between the buried region and the surface through
which the implantation may take place. Thus, the regions
illustrated in the figures are schematic in nature and their
shapes do not necessarily illustrate the actual shape of a
region of a device and do not limit the scope.

It should also be noted that in some alternative implemen-
tations, the functions/acts noted may occur out of the order
noted in the figures. For example, two figures shown in suc-
cession may in fact be executed substantially concurrently or
may sometimes be executed in the reverse order, depending
upon the functionality/acts involved.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments belong. It will be further under-
stood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

Hereinafter, thin films, methods of forming the thin films,
semiconductor devices including the thin films, and methods
of manufacturing the semiconductor devices, according to
example embodiments, will be described in detail with refer-
ence to accompanying drawings. In the drawings, like refer-
ence numerals denote like elements, and the widths and thick-
nesses of layers and regions are exaggerated for clarity.
Expressions such as “at least one of,” when preceding a list of
elements, modify the entire list of elements and do not modify
the individual elements of the list.

Example embodiments relate to thin films, methods of
forming the thin films, semiconductor devices including the
thin films, and methods of manufacturing the semiconductor
devices, and more particularly, to thin films including metal
oxynitride, methods of forming the thin films, transistors
including the thin films, and methods of manufacturing the
transistors.

FIGS. 1A through 1C are cross-sectional view illustrating
a method of forming a thin film, according to example
embodiments.

Referring to FIG. 1A, a thin film 20 including a metal
oxynitride may be formed on a substrate 10. The substrate 10
may be a glass substrate, and may alternatively be one of
various substrates used in general semiconductor device pro-
cesses, such as a plastic substrate or a silicon substrate. The
thin film 20 may include zinc oxynitride or may include a zinc
oxynitride-based metal oxynitride. That is, the thin film 20
may include ZnO, N, ora ZnO,, N ,-based metal oxynitride
(semiconductor). In the ZnO,,N,,;, x1 may satisfy a condition
“0<x1<1” and y1 may satisfy a condition “O<y1<3%5”. Alter-
natively, x1 may satisfy a condition “0O<x1<'%” and y1 may
satisty a condition “Y4<y1<34”. As a detailed example, the
thin film 20 may be formed of ZnO,,N,, or ZnO, N ,—X
(where X is an additional element). The additional element X
in the ZnO,, N ,—X may be, for example, boron (B), alumi-
num (Al), gallium (Ga), indium (In), tin (Sn), titanium (T1),
zirconium (Zr), hafnium (Hf), silicon (Si), fluorine (F), chlo-
rine (CI), bromine (Br), iodine (1), sulfur (S), selenium (Se),
phosphorous (P), lithium (L1i), or the like. The thin film 20
may be deposited by using a physical vapor deposition (PVD)
method such as a reactive sputtering method. However, the
thin film 20 may be formed by using a method other than the
reactive sputtering method, for example, a chemical vapor
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deposition (CVD) method, a metal organic chemical vapor
deposition (MOCVD) method, an atomic layer deposition
(ALD) method, or an evaporation method. A thickness of the
thin film 20 may be from about 5 nm to about 150 nm, for
example, from about 10 nm to about 100 nm.

Referring to FIG. 1B, the thin film 20 may be treated with
inert gas ions. The inert gas ions may be, for example, argon
(Ar) ions or neon (Ne) ions. The treating of the thin film 20
with the inert gas ions may be performed by a sputtering
process. In this case, the sputtering process may be performed
by using a relatively low acceleration voltage of about 0.5
keV to about 4.0 keV, for example, about 0.5 keV to about 2.0
keV. In addition, the sputtering process may be performed at
a process pressure of about 107 Pa to about 10~° Pa. The
sputtering process may be performed for a duration of about
1 minute to 30 minutes. When the thin film 20 is treated with
the inert gas ions under such conditions, desired changes in
properties/characteristics may occur without causing etching
of the thin film 20.

The treating of the thin film 20 with the inert gas ions may
be performed by a plasma treatment process. In this case, the
plasma treatment process may be performed by using a rela-
tively low source power of about 50 W to 300 W, for example,
for about 1 minute to 30 minutes.

In some cases, the treating of the thin film 20 with the inert
gas ions may be performed by using ion implantation equip-
ment. When treating the thin film 20 with the inert gas ions by
using the ion implantation equipment, a treatment process
may be performed at the level of applying ion bombardment
to the thin film 20 rather than implanting ions into the thin film
20. Accordingly, the process may be an ion bombardment
process.

The process of treating the thin film 20 with the inert gas
ions may be a process that changes (stabilizes) physical/
chemical characteristics of the thin film 20 by performing a
bombardment on the thin film 20 with the ions or their plasma
rather than implanting or doping the ions into the thin film 20.
In addition, the process of treating the thin film 20 with the
inert gas ions is not a process of etching the thin film 20 but a
process that changes (stabilizes) physical/chemical charac-
teristics of the thin film 20 while maintaining a form and
thickness of the thin film 20. Accordingly, when treating the
thin film 20 with the inert gas ions, treatment energy may be
maintained at a relatively low level so that the thin film 20 is
not etched or damaged. For example, when treating the thin
film 20 by using a sputtering process, an acceleration voltage
may be determined within the range of about 0.5 keV to about
4.0keV, for example, about 0.5keV to about 2.0keV. Because
a thickness of the thin film 20 is relatively small, the process
of treating the thin film 20 with the inert gas ions may have a
relatively uniform influence on the whole region of the thin
film 20, and an effect of the process may almost uniformly
appear in the whole region of the thin film 20. However, the
above-mentioned effect/mechanism of the process is exem-
plary, and example embodiments are not limited thereto.

Additionally, the treating of the thin film 20 with the inert
gas ions may be performed at a low temperature that is equal
to or less than about 100° C., at room temperature (e.g., about
25°C.), or at atemperature similar to room temperature (e.g.,
about 18° C. to about 32° C.). Accordingly, a burden due to a
high temperature process and a cost increase may be pre-
vented.

As described above, the properties/characteristics of the
thin film 20 may be stabilized by treating the thin film 20 with
the inert gas ions. In the case of the thin film 20 including a
metal oxynitride, for example, zinc oxynitride (ZnO,,N,,),
the properties/characteristics of the thin film 200 may be
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easily changed and deteriorated because a bonding of nitro-
gen (N) elements in the thin film 20 is unstable. In more detail,
when a zinc oxynitride (ZnO,,N,,, ) thin film is left in the air,
oxygen (O) elements in the air may be easily substituted for
nitrogen (N) elements of the zinc oxynitride (ZnO,,N,,, ) thin
film, and also, the zinc oxynitride (ZnO,, N, ) thin film may
easily react with moisture. Accordingly, over time, the zinc
oxynitride (ZnO, ;N ) thin film is changed to a state similar
to a ZnO thin film and original properties of the zinc oxyni-
tride (ZnO,,N,,) thin film are lost. In another example
embodiment, the zinc oxynitride (ZnO,,N,,) thin film may
have a compositionally non-uniform state. That is, the distri-
bution of nitrogen (N) elements and oxygen (O) elements in
the zinc oxynitride (ZnO, ;N ) thin film may not be uniform.
In addition, in the zinc oxynitride (ZnO,,N,,) thin film, a
phase separation phenomenon in a nanoscale (for example, a
scale of about 1 nm to about 10 nm) may occur. That is,
crystalline ZnO, crystalline ZnN, and amorphous ZnON may
exist together with each other in the zinc oxynitride
(Zn0O, N, thin film. Bach of the ZnO, ZnN, and ZnON is
just a list of elements regardless of a composition ratio of the
elements. For example, the expression ‘ZnON’ does not mean
that a composition ratio of Zn, O, and N is 1:1:1, but means
that ZnON is just an amorphous material formed of Zn, O, and
N. The same meaning is applied to other parts of the present
specification. In this manner, because the zinc oxynitride
(ZnO,,N,,) thin film is compositionally non-uniform and a
crystal phase thereof is also non-uniform, the zinc oxynitride
(ZnO, N,,) thin film may have unstable characteristics and
properties that are easily changeable. In other words, it may
be difficult to secure the stability of the zinc oxynitride
(ZnO,,N,,,). However, in the current example embodiments,
by treating the thin film 20 with inert gas ions (for example, Ar
ions or Ne ions) under a set (or predetermined) condition, a
compositional uniformity and phase uniformity of the thin
film 20 may be improved and a bonding between atoms (for
example, a bonding between Zn and N) may be strengthened.
Consequently, the properties/characteristics of the thin film
20 may be stabilized. In this regard, more detailed descrip-
tions will be provided later.

Through the process of FIG. 1B, a stabilized thin film 20a
may be obtained as illustrated in FIG. 1C. The stabilized thin
film 20¢ may have excellent composition uniformity and
phase uniformity. In addition, the stabilized thin film 20a may
have a strengthened bonding between atoms (for example,
strengthened Zn—N bonding). In this regard, properties/
characteristics of the stabilized thin film 20a may be stably
maintained without being changed for a long time.

The stabilized thin film 20a of FIG. 1C may include a metal
oxynitride, for example, zinc oxynitride or a zinc oxynitride-
based material. The stabilized thin film 20e may be repre-
sented by, for example, ZnO,,N,,. In the ZnO,,N ,, x2 may
satisfy a condition “0<x2<1” and y2 may satisfy a condition
“O<y2<34”. Alternatively, x2 may satisfy a condition
“O<x2<'%” and y2 may satisfy a condition “Va<y2<35”.
Because in the process of FIG. 1B, the overall composition of
the thin film 20 may be maintained intact or almost intact
without being changed, the overall composition of the thin
film 20 of FIG. 1A and the overall composition of the stabi-
lized thin film 20a of FIG. 1C may be the same as, or almost
similar to, each other. Accordingly, if the thin film 20 of FIG.
1A is represented by ZnO,,N,, and the stabilized thin film
20a of FIG. 1C is represented by ZnO_,N ,, x2 and y2 of the
ZnO,,N , may be the same as, or almost similar to, x1 and y1
of the ZnO, N, If the thin film 20 of FIG. 1A is
ZnO,,N,,—X (where X is an additional element), the stabi-
lized thin film 20a of FIG. 1C may be ZnO,,N ,—X (where
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X is an additional element). The additional element X may be,
forexample, B, Al, Ga, In, Sn, Ti, Zr, Hf, Si, F, C, Br, I, S, Se,
P, Li, or the like.

FIG. 2A shows a high-angle annular dark-field scanning
transmission electron microscope (HAADF STEM) image of
a zinc oxynitride (ZnO,N,) thin film formed according to a
comparative example, and FIG. 2B shows an HAADF STEM
image of'a zinc oxynitride (ZnO,N, ) thin film formed accord-
ing to example embodiments.

The zinc oxynitride (ZnO,N,) thin film according to the
comparative example is a thin film formed by depositing zinc
oxynitride and then heat-treating the deposited zinc oxyni-
tride for about one hour at a temperature of about 300° C. in
a vacuum. The zinc oxynitride (ZnO_N ) thin film according
to example embodiments is a thin film formed by depositing
zinc oxynitride and then treating the deposited zinc oxyni-
tride with Ar ions. In this case, the zinc oxynitride (ZnO,N,)
thin film was treated with Ar ions by using a sputtering pro-
cess. In the sputtering process, an acceleration voltage of the
Arions is 1 keV, abase pressure (i.e., a pressure in a chamber)
is 6.7x107° Pa, and an extraction pressure is ~1.5x1072 Pa.

The HAADF STEM images of FIGS. 2A and 2B are
images captured under the conditions of a magnifying power
greater than or equal to x1M (10°) and a camera length of 128
mm in a nano probe STEM mode. In this case, brightness is
set under a condition in which image intensity is not saturated
at any point of the images, and a resolution of about 0.1 nm is
obtained through the control of astigmatism and focus. Each
ofthe HAADF STEM images of FIGS. 2A and 2B is obtained
from a specimen having a thickness of about 50 nm.

Referring to FIG. 2A, the brightness of the HAADF STEM
image of the zinc oxynitride (ZnO,N,) thin film according to
the comparative example is non-uniform in a nanoscale. This
may be due to the non-uniformity of composition and the
non-uniformity of phase (i.e., a phase separation).

Referring to FI1G. 2B, the brightness of the HAADF STEM
image of the zinc oxynitride (ZnO,N, ) thin film according to
example embodiments is almost uniform, showing that if a
zinc oxynitride (ZnO,N,) thin film is formed according to
example embodiments, that is, if a zinc oxynitride (ZnO_N )
thin film is treated with inert gas ions such as Ar, the compo-
sition of the zinc oxynitride (ZnO_N ) thin film is uniform and
a phase separation (a phase separation in a nanoscale) hardly
occurs.

Meanwhile, in FIGS. 2A and 2B, the brightness of a thin
region of a thin film surface may be somewhat different from
that of the other region due to a surface oxide film.

FIG. 3A is a graph illustrating intensity data measured
froman HAADF STEM image of a zinc oxynitride (ZnO_ N )
thin film formed according to a comparative example, and
FIG. 3B is a graph illustrating intensity data measured from
an HAADF STEM image of a zinc oxynitride (ZnO,N, ) thin
film formed according to example embodiments. The inten-
sity data illustrated in FIG. 3A is measured from the image of
FIG. 2A, and the intensity data illustrated in FIG. 3B is
measured from the image of FIG. 2B.

Referring to FIG. 3A, in the zinc oxynitride (ZnO,N, ) thin
film according to the comparative example, the difference in
intensity (brightness) is great according to positions.

Referring to FIG. 3B, in the zinc oxynitride (ZnO,N, ) thin
film according to example embodiments, the difference in
intensity (brightness) is relatively small according to posi-
tions.

From the intensity data of FIG. 3A and FIG. 3B, “(1,, .~
L)1y 1s calculated. 1, and 1, denote a maximum
intensity and a minimum intensity of an HAADF STEM
image, respectively, and lavg denotes an average intensity of
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the HAADF STEM image. “(,,,,.~1,,;,,)/1..;” of the intensity
data illustrated in FIG. 3A is about 0.48, and “(1,,,,,~1,,,,)/
L.~ of the intensity data illustrated in FIG. 3B is about 0.21.
That is, the difference in intensity (brightness) according to
positions in the HAADF STEM image of the zinc oxynitride
(ZnO,N,) thin film according to example embodiments is
significantly smaller than that of the zinc oxynitride
(ZnO,N,) thin film according to the comparative example.
This means that the composition uniformity and phase uni-
formity of the zinc oxynitride (ZnO,N, ) thin film according to
example embodiments is more excellent than that of the zinc
oxynitride (ZnO,N,) thin film according to the comparative
example.

FIG. 4A shows a diffraction pattern obtained from an
HAADF STEM image of a zinc oxynitride (ZnO,N,) thin
film formed according to a comparative example, and FIG.
4B shows a diffraction pattern obtained from an HAADF
STEM image of a zinc oxynitride (ZnO,N,) thin film formed
according to example embodiments. The diffraction pattern
shown in FIG. 4A is obtained from the image of FIG. 2A, and
the diffraction pattern shown in FIG. 4B is obtained from the
image of FIG. 2B.

Generally, in a diffraction pattern obtained from an STEM
image, vivid dot and dash patterns indicate a crystalline struc-
ture, and broad circular bands of which boundaries are
unclear and of which colors are light (faint) indicate an amor-
phous structure.

Referring to FIG. 4A, in the zinc oxynitride (ZnO_N ) thin
film according to the comparative example, vivid dot and
dash patterns are shown along with broad circular bands. This
means that the zinc oxynitride (ZnO,N,) thin film according
to the comparative example includes a relatively large num-
ber of crystalline structure and includes also an amorphous
structure. The zinc oxynitride (ZnO,N,) thin film according
to the comparative example may include all of crystalline
ZnO, crystalline ZnN, and amorphous ZnON, and in this
case, the percentage of the crystalline ZnO and ZnN may be
relatively high.

Referring to FIG. 4B, in the zinc oxynitride (ZnO,N_) thin
film according to example embodiments, dot and dash pat-
terns are hardly shown and broad circular bands are mainly
shown. This means that the zinc oxynitride (ZnO,N)) thin
film according to example embodiments hardly includes
crystalline ZnO and ZnN and includes mainly amorphous
ZnON. That is, the zinc oxynitride (ZnO, N, ) thin film accord-
ing to example embodiments may have excellent uniformity
in a crystalline phase. Each of the ZnO, ZnN, and ZnON is
just a list of elements regardless of a composition ratio of the
elements. For example, the expression ‘ZnON’ does not mean
that a composition ratio of Zn, O, and N is 1:1:1, but means
that ZnON is just an amorphous material formed of Zn, O, and
N. The same meaning is applied to other parts of the present
specification.

Based on the results of FIGS. 2 through 4 and other results
(not shown) of example embodiments, which are similar to
the result, the thin film according to example embodiments
may satisfy the following inequality while including a metal
oxynitride, e.g., zinc oxynitride (ZnO,N,).

s g <0-3

avg

<Inequality>:

1,..and I . denote a maximum intensity and a minimum
intensity of an HAADF STEM image of the thin film, respec-
tively, and I, denotes an average intensity of the HAADF
STEM image. The HAADF STEM image is an image cap-
tured by using a magnifying power greater than or equal to
x1M (10°) under the condition of a camera length equal to or
less than 150 mm in a nano probe STEM mode. In this case,
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brightness is set under a condition in which image intensity is
not saturated at any point of the image, and resolution equal to
or less than about 0.1 nm (e.g., resolution of about 0.1 nm) is
obtained through the control of astigmatism and focus. The
HAADF STEM image is an image obtained from a specimen
having a thickness of about 30 nm to about 80 nm (e.g., a
thickness of about 50 nm).

The metal oxynitride of the thin film according to example
embodiments may include zinc oxynitride (ZnO,N,). The
metal oxynitride may include amorphous zinc oxynitride
(amorphous ZnON), and a content ratio of the amorphous
ZnON in the thin film may be greater than or equal to about
80%, e.g., greater than or equal to about 90%. In the ZnO,N_,
x may satisfy “0<x<1” and y may satisfy “0<y<34”. Alterna-
tively, X may satisfy “O<x='%” and y may satisfy “V3=y<35”.
The thin film according to example embodiments may have
excellent composition uniformity and phase uniformity and
may have stable properties/characteristics.

FIG. 5 is a graph illustrating an X-ray photoelectron spec-
troscopy (XPS) depth profile that shows changes in nitrogen
(N) content according to time in a zinc oxynitride (ZnO,N,)
thin film formed according to the comparative example.

Referring to FIG. 5, in the zinc oxynitride (ZnO,N,) thin
film formed according to the comparative example, N is rap-
idly reduced with the lapse of time. N is reduced from the
surface of the zinc oxynitride (ZnO,N, ) thin film, and almost
disappears in the whole thin film after a lapse of one month.

FIG. 6 is a graph illustrating an XPS composition analysis
result of a zinc oxynitride (ZnO,N,) thin film formed accord-
ing to example embodiments. The zinc oxynitride (ZnO_N )
thin film according to example embodiments is formed
through an Ar ion treatment process using sputtering equip-
ment, and an XPS composition analysis as illustrated in FI1G.
2 is carried out after a lapse of two months after forming the
zinc oxynitride (ZnO,N,) thin film.

Referring to FIG. 6, a peak corresponding to N,/NO_bond
and a peak corresponding to Zn—N/ZnO,N, bond are clearly
shown. Through this, it may be understood that in the case of
the zinc oxynitride (ZnO,N, ) thin film according to example
embodiments, an N component of the zinc oxynitride
(ZnO,N,) thin film is maintained intact even after a lapse of
two months after forming the zinc oxynitride (ZnO,N,) thin
film.

FIG. 7 is a graph illustrating changes in sheet resistance
according to time in zinc oxynitride (ZnO,N,) thin films
formed according to a comparative example and example
embodiments.

InFIG. 7, the zinc oxynitride (ZnO,N ) thin film according
to example embodiments is formed by treating zinc oxyni-
tride with Arion plasma. A zinc oxynitride (ZnO,N, ) thin film
according to Example Embodiment 1 is a thin film formed by
performing a plasma treatment for about 300 seconds by
using a source power of about 100 W, and a zinc oxynitride
(ZnO,N,) thin film according to Example Embodiment 2 is a
thin film formed by performing a plasma treatment for about
60 seconds by using a source power of about 200 W. The zinc
oxynitride (ZnO,N,) thin film according to the comparative
example is a thin film formed without performing a plasma
treatment. Changes in sheet resistance according to time are
measured in a state in which the thin films are left in the air of
room temperature.

Referring to FIG. 7, in the case of the zinc oxynitride
(ZnO,N,) thin film according to the comparative example,
sheet resistance rapidly increases after the lapse of about 40
hours because the resistance of the zinc oxynitride (ZnO,N,)
thin film greatly increases as nitrogen (N) diffuses (or gets)
out of the zinc oxynitride (ZnO,N, ) thin film. In the case of
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the zinc oxynitride (ZnO,N, ) thin films according to Example
Embodiments 1 and 2, sheet resistance is hardly changed
within a measuring time showing that stability of properties/
characteristics of the zinc oxynitride (ZnO,N,) thin films
according to Example Embodiments 1 and 2 are excellent.

FIG. 8 is an HAADF STEM image showing deterioration
due to an electron beam in a zinc oxynitride (ZnO,N ) thin
film formed according to a comparative example.

Referring to FIG. 8, when the zinc oxynitride (ZnO,N))
thin film formed according to the comparative example is
exposed to the electron beam, a difference in contrast of the
HAADF STEM image increases. Through this result, it may
be understood that composition non-uniformity and phase
separation of the zinc oxynitride (ZnO,N) thin film formed
according to the comparative example deepened due to the
electron beam.

FIG.9is an HAADF STEM image showing influence of an
electron beam on a zinc oxynitride (ZnO,N ) thin film formed
according to example embodiments.

Referring to FIG. 9, the HAADF STEM image is hardly
changed although the zinc oxynitride (ZnO,N ) thin film
formed according to example embodiments is exposed to the
electron beam. That is, the brightness of the HAADF STEM
image is maintained almost uniform in the whole thin film
although the zinc oxynitride (ZnO,N,) thin film formed
according to example embodiments is exposed to the electron
beam, showing that the zinc oxynitride (ZnO,N,) thin film
formed according to example embodiment is stable and reli-
able.

The above-described thin film according to example
embodiments and a method of manufacturing the thin film
may be applied to various semiconductor devices (electronic
devices). For example, the above-described thin film accord-
ing to example embodiments and a method of manufacturing
the thin film may be applied to transistors (thin film transis-
tors).

FIGS. 10A through 10G are cross-sectional views illustrat-
ing a method of manufacturing a transistor, according to
example embodiments.

In the present example embodiments, a thin film transistor
(TFT) having a bottom gate structure is manufactured. How-
ever, example embodiments are not limited thereto.

Referring to FIG. 10A, a gate electrode G10 may be formed
on a substrate SUB10, and a gate insulation layer G110 cov-
ering the gate electrode G10 may be formed. The substrate
SUB10 may be a glass substrate, but alternatively may be one
of various substrates used in a general semiconductor device
process, such as a plastic substrate or a silicon substrate. The
gate electrode G10 may be formed of a general electrode
material, such as a metal or a conductive oxide. The gate
insulation layer G110 may be formed of a silicon oxide, a
silicon oxynitride, a silicon nitride, or another material, such
as a high dielectric material having a higher dielectric con-
stant than a silicon nitride. The gate insulation layer GI10 may
have a structure in which at least two layers of a silicon oxide
layer, a silicon oxynitride layer, a silicon nitride layer, and a
high dielectric material layer are stacked on each other.

Next, a channel material layer C100 may be formed on the
gate insulation layer GI10. The channel material layer C100
may correspond to the thin film 20 of FIG. 1A. The channel
material layer C100 may be formed of ametal oxynitride. The
metal oxynitride may include zinc oxynitride or may include
a zinc oxynitride-based material. That is, the metal oxynitride
may include ZnO,,N,, or a ZnO,,N,, -based material. In the
ZnO,,N,,;, x1 may satisfy a condition “0<x1<1” and y1 may
satisfy a condition “0<y1<3%4”. Alternatively, x1 may satisfy a
condition “O<x1=%5” and yl may satisfy a condition
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“Y3=yl<?5”. As a detailed example, the channel material
layer C100 may be formed of ZnO,,N,, or ZnO,,N ,—X
(where X is an additional element). The additional element X
in the ZnO,, N, —X may be, for example, B, Al, Ga, In, Sn,
Ti, Zr, HE, Si, F, Cl, Br, 1, S, Se, P, Li, or the like. The channel
material layer C100 may be deposited by using a PVD
method such as a reactive sputtering method. However, the
channel material layer C100 may be formed by using a
method other than the reactive sputtering method, for
example, a CVD method, an MOCVD method, an ALD
method, or an evaporation method. The channel material
layer C100 may be formed to have a thickness of about 5 nm
to about 150 nm, for example, from about 10 nm to about 100
nm. However, a range of the thickness of the channel material
layer C100 may be changed.

Referring to FIG. 10B, the channel material layer C100
may be treated with inert gas ions. The inert gas ions may be,
for example, Ar ions or Ne ions. The treating of the channel
material layer C100 with the inert gas ions may be performed
by a sputtering process. In this case, the sputtering process
may be performed by using a relatively low acceleration
voltage of about 0.5 keV to about 4.0 keV, for example, about
0.5 keV to about 2.0 keV. In addition, the sputtering process
may be performed in a process pressure of about 1077 Pa to
about 107 Pa. The sputtering process may be performed for a
duration of about 1 minute to 30 minutes. When the channel
material layer C100 is treated with the inert gas ions under
such conditions, changes in properties/characteristics may
occur without causing etching of the channel material layer
C100. The treating of the channel material layer C100 with
the inert gas ions may be performed by a plasma treatment. In
this case, the plasma treatment process may be performed by
using a relatively low source power of about 50 W to 300 W,
for example, for about 1 minute to 30 minutes. In some cases,
the treating of the channel material layer C100 with the inert
gas ions may be performed by using ion implantation equip-
ment. Also when treating the channel material layer C100
with the inert gas ions by using the ion implantation equip-
ment, a treatment process may be performed at the level of
applying ion bombardment to the channel material layer
C100 rather than implanting ions into the channel material
layer C100.

As in FIG. 10B, the properties/characteristics of the chan-
nel material layer C100 may be stabilized by treating the
channel material layer C100 with the inert gas ions. By treat-
ing the channel material layer C100 with the inert gas ions
under a set (or predetermined) condition, a compositional
uniformity and phase uniformity of the channel material layer
C100 may be improved and a bonding between atoms (for
example, a bonding between Zn and N) may be strengthened.
Consequently, the properties/characteristics of the channel
material layer C100 may be stabilized. Descriptions related to
this may be the same as those provided above with reference
to FIG. 1B.

Through the process of FIG. 10B, a stabilized channel
material layer C100a may be obtained as illustrated in FIG.
10C. The stabilized channel material layer C100a may have
excellent composition uniformity and phase uniformity. In
addition, the stable channel material layer C100a may have a
strengthened bonding between atoms. Material composition/
characteristics of the stabilized channel material layer C100a
may be the same as those of the stabilized thin film 20a of
FIG. 1C. The stabilized channel material layer C100a of FIG.
10C may include ZnO,,N , or ZnO, ;N ,-based material. In
the ZnO,,N,,, x2 may satisfy a condition “0<x2<1” and y2
may satisfy a condition “0<y2<24”. Alternatively, x2 may
satisfy a condition “0<x2='%” and y2 may satisfy a condition
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“Y3=y2<%4”. The stabilized channel material layer C100a of
FIG. 10C may also include ZnO_,N ,—X (where X is an
additional element). The additional element X may be, for
example, B, Al, Ga, In, Sn, Ti, Zr, Hf, Si, F, CL, Br, I, S, Se, P,
Li, or the like.

Next, as illustrated in FIG. 10D, a stabilized channel layer
C10a (hereinafter, referred to as a channel layer) may be
formed by patterning (etching) the stabilized channel mate-
rial layer C100a. In some cases, without patterning (etching)
the stabilized channel material layer C100a, the stabilized
channel material layer C100a may be used as a channel layer.

Referring to FIG. 10E, an etch stop layer ES10 covering the
channel layer C10a may be formed on the gate insulation
layer GI10. The etch stop layer ES10 may be formed of, for
example, silicon oxide, silicon nitride, an organic insulation
material, or the like.

Referring to FIG. 10F, first and second contact holes H10
and H20 may be formed in the etch stop layer ES10. The first
and second contact holes H10 and H20 may be formed to
respectively expose first and second regions of the channel
layer C10a. The first region may be one edge of the channel
layer C10aq or a region adjacent to the edge, and the second
region may be the other edge of the channel layer C10a or a
region adjacent to the other edge.

Referring to FIG. 10G, a source electrode S10 and a drain
electrode D10 that contact respectively the first and second
regions of the channel layer C10a, which are exposed by the
first and second contact holes H10 and H20, may be formed
on the etch stop layer ES10. The source electrode S10 and the
drain electrode D10 may be formed of the same material as, or
a different material from, the gate electrode G10. The source
electrode S10 and the drain electrode D10 may include a
single layer or a multi-layer. The source electrode S10 and the
drain electrode D10 may be formed by forming a source/drain
conductive layer and patterning (etching) the source/drain
conductive layer. In this case, during the patterning (etching),
the etch stop layer ES10 may protect a region of the channel
layer C10a between the source electrode S10 and the drain
electrode D10. However, the formation of the etch stop layer
ES10 is optional. In particular, in the case that properties/
characteristics of the channel layer C10a have been stabilized
according to example embodiments, the source electrode S10
and the drain electrode D10 may be formed without using the
etch stop layer ES10.

Although not illustrated, a passivation layer covering the
source and drain electrodes S10 and D10 may be formed on
the etch stop layer ES10. The passivation layer may be a
silicon oxide layer, a silicon oxynitride layer, a silicon nitride
layer, or an organic insulation layer, or may have a structure in
which at least two thereof are stacked on each other. The
transistor formed according to such a method may be
annealed at a set (or predetermined) or given temperature.

In this manner, according to example embodiments, after
forming the channel layer C10q including a metal oxynitride
(e.g., zinc oxynitride) and having stable properties/character-
istics, a transistor including the channel layer C10a may be
manufactured. Because the properties/characteristics of the
channel layer C10a are in a stable state, processes after the
formation of the channel layer C10a may be easily performed
and a transistor using the channel layer C10a may have excel-
lent performance and high reliability. For example, a transis-
tor using the channel layer C10a may have excellent electrical
reliability and electro-optical reliability. If a channel layer (a
zinc oxynitride thin film) having unstable properties/charac-
teristics is used, various process issues may occur in subse-
quent steps, and the performance and reliability of a transistor
including the channel layer may be deteriorated.
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FIGS. 11A through 11D are cross-sectional views illustrat-
ing a method of manufacturing a transistor, according to other
example embodiments.

In the present example embodiments, a TFT having a top
gate structure is manufactured.

Referring to FIG. 11A, a channel material layer C200
including a metal oxynitride, e.g., zinc oxynitride
(ZnO,,N_ ), may be formed on a substrate SUB20. A mate-
rial, a thickness, properties, etc. of the channel material layer
C200 may be the same as, or similar to, the channel material
layer C100 of FIG. 10A. Next, the channel material layer
C200 may be treated with inert gas ions. The inert gas ions
may be, for example, Ar ions or Ne ions. A method of treating
the channel material layer C200 with the inert gas ions may be
the same as, or similar to, that explained with reference to
FIG. 10B.

By treating the channel material layer C200 with the inert
gas ions, a stabilized channel material layer C200a may be
obtained as illustrated in FIG. 11B. Material composition/
characteristics of the stabilized channel material layer C200a
may be the same as those of the stabilized thin film 20a of
FIG. 1C.

By patterning the stabilized channel material layer C200a,
astabilized channel layer (hereinafter, referred to as a channel
layer) C20a may be formed as illustrated in FIG. 11C. In
some cases, without patterning (etching) the stabilized chan-
nel material layer C200q, the stabilized channel material
layer C200a may be used as a channel layer.

Referring to FIG. 11D, source and drain electrodes S20 and
D20 electrically connected to the channel layer C20a may be
formed on the substrate SUB20. Next, a gate insulation layer
G120 covering the channel layer C20q, the source electrode
S20, and the drain electrode D20 may be formed. The gate
insulation layer GI20 may be formed of the same or similar
material as the gate insulation layer GI10 of FIG. 11 A. Next,
a gate electrode G20 may be formed on the gate insulation
layer GI120. The gate electrode G20 may be formed above the
channel layer C20a. The gate electrode G20 may be formed of
the same, or a different, material as, or from, the source and
drain electrodes S20 and D20. A passivation layer (not
shown) covering the gate electrode G20 may be formed on the
gate insulation layer GI120. The passivation layer may be a
silicon oxide layer, a silicon oxynitride layer, a silicon nitride
layer, or an organic insulation layer, or may have a structure
wherein at least two thereof are stacked on each other. The
transistor formed as such may be annealed at a set (or prede-
termined) or given temperature.

Structures (i.e., device structures) of FIG. 10G and FIG.
11D correspond to a structure of a transistor according to
example embodiments. The channel layer C10a or C20a may
correspond to the “thin film” according to example embodi-
ments. The channel layer C10a or C20a may include a metal
oxynitride, e.g., zinc oxynitride (ZnO,N ), and may satisfy a
conditional inequality “(L,,.~1,,;,,)/1,,,<0.3”. 1, and L,
denote a maximum intensity and a minimum intensity of an
HAADF STEM image of the channel layer C10a or C20a,
respectively, and I,,, denotes an average intensity of the
HAADF STEM image. The HAADF STEM image is an
image captured by using a magnifying power greater than, or
equal to, x1M (10%) under the condition of a camera length
equal to, or less than, 150 mm in a nano probe STEM mode.
In this case, brightness is set under a condition in which image
intensity is not saturated at any point of the image, and a
resolution equal to, or less than, about 0.1 nm (e.g., resolution
of'about 0.1 nm) is obtained through the control of astigma-
tism and focus. The HAADF STEM image is an image
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obtained from a specimen having a thickness of about 30 nm
to about 80 nm (e.g., a thickness of about 50 nm).

The metal oxynitride of the channel layer C10a or C20a
according to example embodiments may include zinc oxyni-
tride (ZnO,N,). The metal oxynitride may include amor-
phous zinc oxynitride (amorphous ZnON), and the percent-
age of the amorphous ZnON in the channel layer C10a or
C20a may be greater than or equal to about 80%, e.g., greater
than or equal to about 90%. The channel layer C10a or C20a
according to example embodiments may have excellent com-
position uniformity and phase uniformity and may have
stable properties/characteristics.

The structures of FIG. 10G and FIG. 11D are exemplary
structures and may be variously modified. Various modifica-
tion examples are illustrated in FIGS. 12 through 15.

FIGS. 12 and 13 show structures modified from the struc-
ture of FIG. 10G, and FIGS. 14 and 15 show structures modi-
fied from the structure of FIG. 11D.

Referring to FIG. 12, a gate electrode G10 and a gate
insulation layer GI10 covering the gate electrode G10 may be
disposed on a substrate SUB10, and a channel layer C10a
may be disposed on the gate insulation layer GI10. An etch
stop layer ES11 may be disposed on the channel layer C10a.
A width of'the etch stop layer ES11 in the horizontal direction
in FIG. 12 may be smaller than that of the channel layer C10a.
Both edges of the channel layer C10a may not be covered by
the etch stop layer ES11. A source electrode S11 may cover
one edge of the channel layer C10a and a portion of the etch
stop layer ES11 adjacent to the edge of the channel layer
C10a, and a drain electrode D11 may cover another edge of
the channel layer C10a and a portion of the etch stop layer
ES11 adjacent to the other edge of the channel layer C10a.
The source electrode S11 and the drain electrode D11 may
each have a structure extending above the gate insulation
layer GI10. Although not illustrated, a passivation layer cov-
ering the source electrode S11, the drain electrode D11, and
the etch stop layer ES11 may be further disposed.

The etch stop layer ES11 may not be included as shown in
FIG. 13.

Referring to FIG. 13, a source electrode S12 may cover one
edge of the channel layer C10a, and a drain electrode D12
may cover another edge of the channel layer C10qa, without an
etch stop layer therebetween. According to example embodi-
ments, because the properties/characteristics of the channel
layer C10a become stable, the properties/characteristics of
the channel layer C10a may be maintained without deterio-
rating although the source electrode S12 and the drain elec-
trode D12 is formed without an etch stop layer therebetween.

FIG. 14 is a cross-sectional view of a transistor according
to other example embodiments. FIG. 14 illustrates a modified
structure of the structure of FIG. 11D.

Referring to FIG. 14, a source electrode S21 and a drain
electrode D21, which are spaced separated from each other,
may be disposed on a substrate SUB20. A channel layer C21a
may be disposed on the substrate SUB20 between the source
and drain electrodes S21 and D21. The channel layer C21a
may be connected to the source and drain electrodes S21 and
D21. The channel layer C21a may cover facing edges of the
source and drain electrodes S21 and D21. A gate insulation
layer GI20 covering the channel layer C21a, the source elec-
trode S21, and the drain electrode D21 may be disposed on
the substrate SUB20. A gate electrode G20 may be disposed
on the gate insulation layer GI20. A passivation layer (not
shown) covering the gate electrode G20 may be further dis-
posed on the gate insulation layer GI120. The structure of F1G.
14 may be identical to the structure of FIG. 11D, except the
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locations and shapes of the channel layer C21a, the source
electrode S21, and the drain electrode D21.

FIG. 15 is a cross-sectional view of atransistor having a top
gate structure, according to other example embodiments.
FIG. 15 illustrates a modified structure of the structure of F1IG.
11D.

Referring to FIG. 15, a channel layer C22a may be dis-
posed on a substrate SUB20, and a gate insulation layer G122
may cover the channel layer C22a. A gate electrode G22 may
be disposed on the gate insulation layer GI22, and an inter-
layer insulation layer 11.22 may cover the gate electrode G22.
First and second contact holes H11 and H22 exposing first
and second regions of the channel layer C22a may be formed
in the interlayer insulation layer 11.22 and the gate insulation
layer GI22. A source electrode S22 may be disposed in the
first contact hole H11, and a drain electrode D22 may be
disposed in the second contacthole H22. The source and drain
electrodes S22 and D22 may extend above the interlayer
insulation layer I1.22. A material, a thickness, properties, etc.
of the channel layer C22a may be the same as or similar to
those of the channel layer C20qa of FIG. 11D.

As described above, according to example embodiments,
transistors each including a metal oxynitride (e.g., ZnO,N,)
as a channel layer material and having excellent performance
(high mobility or the like) and high reliability may be imple-
mented.

The transistors according to example embodiments may be
used as a switching device or a driving device of a display
device, such as a liquid crystal display device or an organic
light-emitting display device. As described above, because
the transistors according to example embodiments have high
mobility and excellent stability/reliability, a performance of a
display device may be improved when the transistor is
applied to the display device. Alternatively, the transistors
may not only be applied to a display device, but may be used
for various purposes in fields of other electronic devices, such
as memory devices and logic devices.

FIG. 16 is a cross-sectional view of an electronic device
(display device) including a transistor, according to example
embodiments. The electronic device (display device) of the
present example embodiments is a liquid crystal display
(LCD) device.

Referring to FIG. 16, a liquid crystal layer 150 may be
disposed between a first substrate 100 and a second substrate
200. The first substrate 100 may be an array substrate includ-
ing at least one of the transistors of the example embodi-
ments, for example, the transistors of FIGS. 10G, 11D, and 12
through 15, as a switching device or a driving device. The first
substrate 100 may include a pixel electrode (not shown) con-
nected to the transistor. The second substrate 200 may include
a counter electrode (not shown) corresponding to the pixel
electrode. A liquid crystal arrangement of the liquid crystal
layer 150 may differ according to a voltage applied between
the first and second substrates 100 and 200. The structure of
the electronic device including the transistor, according to
example embodiments, is not limited to the structure of FIG.
16, and may vary.

It should be understood that example embodiments
described herein should be considered in a descriptive sense
only and not for purposes of limitation. For example, it would
be obvious to one of ordinary skill in the art that the thin film
manufacturing method of FIGS. 1A through 1C and the thin
film formed thereby, the transistor manufacturing methods of
FIGS. 10A through 11D and the transistors formed thereby,
the transistors of FIGS. 12 through 15, and the structure of the
electronic device (display device) of FIG. 16 and the method
of manufacturing the electronic device (display device) may
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vary. For example, using another metal oxynitride other than
zinc oxynitride (ZnO,N ) may also provide effects similar to
those of example embodiments. In addition, the thin film
according to the above example embodiments may be applied
to various semiconductor devices other than a transistor. Also,
the transistors according to the above example embodiments
may be applied to one of various electronic devices other than
the display device of FIG. 16, for various purposes. Accord-
ingly, descriptions of features within each example embodi-

ment should typically be considered as available for other 10

similar features in other example embodiments.
What is claimed is:
1. A method of forming a thin film, the method comprising:
forming a preliminary thin film including a metal oxyni-
tride on a substrate; and
treating the preliminary thin film with inert gas ions to form
the thin film having stabilized properties, the thin film
being a semiconductor film, wherein
the treating of the preliminary thin film with the inert gas
ions includes performing a sputtering process, the
sputtering process including using an acceleration
voltage of about 0.5 keV to about 4.0 keV.
2. The method of claim 1, wherein the metal oxynitride
includes zinc oxynitride.
3. The method of claim 1, wherein the inert gas ions include
at least one selected from Ar ions and Ne ions.
4. The method of claim 1, wherein the sputtering process is
performed under a pressure of about 10~7 Pa to about 107° Pa.
5. The method of claim 1, wherein the treating of the
preliminary thin film with the inert gas ions is performed at
about room temperature.
6. A thin film formed according to the method of claim 1.
7. A thin film, comprising:
a metal oxynitride, wherein
the thin film satisfies the following inequality of EQUA-
TION (1),

s g <0-3

avg

EQUATION (1)

where 1, and ,,, denote a maximum intensity and a
minimum intensity of a high-angle annular dark-field
scanning transmission electron microscope (HAADF
STEM) image of the thin film, respectively, and

where 1,,, denotes an average intensity of the HAADF

STEM image.
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8. The thin film of claim 7, wherein the metal oxynitride

includes zinc oxynitride.

9. The thin film of claim 8, wherein

the metal oxynitride includes amorphous zinc oxynitride,
and

a content ratio of the amorphous zinc oxynitride in the thin
film is greater than or equal to 80%.

10. A method of manufacturing a transistor, the method

comprising:

forming a channel layer including a thin film, a gate elec-
trode, a source electrode, and a drain electrode,

wherein the thin film is formed according to the method of
claim 1.

11. The method of claim 10, further comprising:

forming an etch stop layer on the channel layer.

12. A transistor, comprising:

a channel layer formed of a metal oxynitride;

a gate electrode corresponding to the channel layer;

a source electrode connected to a first region of the channel
layer; and

a drain electrode connected to a second region of the chan-
nel layer, wherein
the channel layer satisfies the following inequality of

EQUATION (1)

s i L avg<0-3

avg

where I, and I, denote a maximum intensity and a
minimum intensity of a high-angle annular dark-field
scanning transmission electron microscope (HAADF
STEM) image of the channel layer, respectively, and

where 1, denotes an average intensity of the HAADF

STEM image.
13. The transistor of claim 12, wherein the metal oxynitride

EQUATION (1)

includes zinc oxynitride.

14. The transistor of claim 13, wherein

the metal oxynitride includes amorphous zinc oxynitride,
and

a content ratio of the amorphous zinc oxynitride in the
channel layer is greater than or equal to 80%.

15. The transistor of claim 12, further comprising:

an etch stop layer on the channel layer.
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